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CHAPTER  I 
INTRODUCTION 

Separation  is  a generic  name  given  to  a class  of  flow  phencxn- 
ena.  As  pointed  out  by  Nash  and  Patel  (1972) , for  example,  one,  and 
perhaps  the  most  important,  feature  which  characterizes  this  class  is 
that  the  flow  becomes  detached  from  the  body  surface  allowing  a vis- 
cous region  of  indefinite  extent  to  develop  between  the  body  and  the 
outer,  quasi- inviscid  flow.  Separation  provides  a mechanism  whereby 
vorticity,  which  in  attached  flow  is  confined  within  the  boundary 
layer,  can  be  transported  into  the  interior  of  the  fluid. 

In  three-dimensional  flow,  the  definition  of  the  term  "separa- 
tion" has  been  a subject  of  controversy  since  it  is  generally  ob- 
served that  flow  detachment  from  the  surface  cannot  be  related  sim- 
ply to  the  characteristics  of  the  flow  near  the  surface. 

In  two-dimensional  flow,  the  point  of  flow  detachment  or  separa- 
tion from  the  surface  coincides  with  the  point  at  which  the  skin 
friction  vanishes.  This  point  is  characterized  by  a number  of  other 
features  which  occiu:  concurrently.  Among  these  are  (a)  the  boundary- 
layer  equations  become  singular,  (b)  the  direction  of  the  flow  neau: 
the  surface  is  reversed  so  that  the  flow  downstreaun  of  separation  is 
inaccessible  to  boundary-layer  analysis,  (c)  the  boundary  layer 
thickens  rapidly  in  the  neighborhood  of  the  separation  point  and 

t 


consequently  the  usual  boundary-layer  assumptions  breedc  dovm,  and 
(d)  the  pressure  distribution  at  and  beyond  the  separation  point 
ceases  to  conform  with  the  potential-flow  solution.  The  coincidence 
of  all  these  phenomena  in  two-dimensional  steady  flow  is  well  recog- 
nized although  the  condition  of  zero  wall  shear  stress  ir  ne  most 
often  quoted  criterion  for  separation. 

In  three-dimensional  flows,  however,  flow  detachment  or  separa- 
tion is  rarely  associated  with  the  vanishing  of  the  wall  shear 
stress.  It  is  recognized  that  the  wall  shear  stress  does  not  fall 
to  zero  except  in  a few  special  cases.  More  frequently,  the  skin 
friction  remains  finite  at  a separation  line  and  may  even  be  rela- 
tively large.  There  are,  of  course,  regions  in  three-dimensional 
flows  which  may  be  treated  by  extending  the  concepts  of  two-dimen- 
sional separation  via  detacliment  from  the  surface  and  inaccessibil- 
ity from  upstream.  As  pointed  out  by  Nash  and  Patel  (1972) , separa- 
tion - in  the  sense  of  the  detachment  of  the  flow  from  the  body  - 
is  sometimes  not  associated  with  any  special  character  of  the  flow 
at  the  surface.  These  can  best  be  studied  by  examining  the  overall 
features  of  the  boundary-layer  flow  rather  than  those  of  the  surface 
flow  alone.  Nevertheless,  discussion  of  three-dimensional  separation 
in  the  literature  has  concentrated  on  its  definition  in  terms  of  sur- 
face flow  conditions. 

The  present  study  was  conceived  as  a preliminary  investigation 
to  a more  eunbitious  one  in  which  it  is  proposed  to  make  detailed 
boundary-layer  measurements  on  a body  of  revolution  at  incidence  in 
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order  to  obtain  a more  precise  quantitative  definition  of  separation. 
The  main  objective  of  this  work  is  therefore  to  make  a comprehensive 
visual  study  of  the  basic  features  of  the  flow  past  a few  representa- 
tive shapes  in  order  to  learn  more  about  separation  in  three-dimen- 
sions and,  at  the  same  time,  to  identify  the  phenomena  which  should 
be  given  special  attention  in  the  detailed  boundary-layer  explora- 
tions later  on.  Although  the  latter  series  of  experiments  will  be 
performed  at  high  Reynolds  numbers,  where  the  boundary  layer  is 
expected  to  be  turbulent,  it  was  felt  that  the  basic  features  as- 
sociated with  three-dimensional  separation  would  be  the  same  with 
laminar  flow.  Consequently,  most  of  the  experiments  were  conducted 
in  water,  with  the  models  suspended  in  a hydraulic  flume.  A series 
of  tests  was  then  undertaken  in  a wind  tunnel  at  higher  Reynolds 
numbers  in  order  to  obtain  some  information  concerning  the  differ- 
ence between  laminar  and  turbulent  boundary  layer  behaviors. 

Chapter  II  reviews  the  pertinent  literature  associated  with 
three-dimensional  separation.  Basic  concepts  of  limiting  stream- 
lines and  their  topology  are  briefly  explained  and  the  separation 
criteria  of  Lighthill  (1963) , Maskell  (1955) , and  Wang  (1972)  are 
reviewed. 

Chapter  III  describes  the  experimental  arrangement  and  test 
procedures  that  were  used.  Chapter  IV  contains  a detailed  descrip- 
tion of  the  surface  flow  patterns  on  a spheroid  at  various  angles  of 
attack.  The  observations  are  discussed  in  the  light  of  previous 
work.  Some  additional  experiments  performed  on  two  other  bodies  of 
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revolution  are  also  described.  An  attempt  is  then  made  in  Chapter  V 


to  correlate  the  experimental  observations  with  the  calculations  of 
Weing  (1972)  as  far  as  the  flow  past  a prolate  spheroid  is  concerned. 


It  is  found  that  the  results  of  the  con^iutations  differ  substantially 


from  the  observations.  The  reasons  for  this  are  explored.  Finally, 
the  major  conclusions  of  the  study  are  summarized  in  Chapter  VI. 
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CHAPTER  II 

REVIEW  OF  PERTINENT  LITERATURE 


A.  Limiting  Streamlines  and  their  Topology.  Lines  on  the  body 
surface  which  are  everywhere  tangential  to  the  wall  shear  stress  are 
referred  to  as  "limiting  streamlines"  or  "skin-friction  lines".  In 
general,  these  lines  intersect  the  projections  of  the  external 
irrotational-flow  streamlines  onto  the  surface  at  some  finite  angle 
which  is  termed  the  wall  cross-flow  angle,  B • The  streamlines 

iii 

within  the  boundary  layer,  on  the  other  hand,  make  an  angle  3 with 
the  projections  of  the  external  flow  streamlines  on  the  surface.  If, 
as  shown  in  Figure  1,  U and  W are  the  components  of  the  velocity 
vector  within  the  boundary  layer  in  the  direction  of  the  external 
flow  streamline  (x  - direction)  and  normal  to  it  (z  - direction) , 
respectively. 
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is  measured  normal  to  the  surface  and  t and  t are  the  com- 
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of  the  wall  shear  stress  t in  the  x and  z directions. 
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points  at  which  both  and  vanish  simultaneously  cure 
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termed  "singular  points".  Such  singular  points  are  classified  by 


mathematicians  into  two  main  types:  saddle  points  and  nodal  points. 

These  features  are  observed  typically  at  points  where  the  flow  at- 
taches to  the  surface  or  detaches  (separates)  from  the  surface. 
Lighthill  (1963)  illustrated  a typical  saddle  point  of  separation 
(Figure  2)  and  four  types  of  nodal  points  of  attachment  (Figure  3) . 
The  possible  local  limiting-streamline  patterns  at  a nodal  point  of 
separation  are  exactly  the  same  as  those  shown  in  Figure  3,  but  with 
all  the  arrows  reversed.  Such  singularities  of  the  limiting  stream- 
lines have  been  observed  in  surface  flow  visualizations.  However, 
the  most  commonly  observed  form  is  that  shown  in  Figure  3 (b) , which 
is  associated  with  the  flow  near  a general  three-dimensional  stag- 
nation point  on  a body.  Recognition  of  the  existence  of  such  sin- 
gular points  in  a given  flow  is  an  essential  prerequisite  to  the 
understanding  of  the  overall  flow  phenomena.  Lighthill  (1963)  has 
shown  that  the  range  of  possible  overall  patterns  of  skin-friction 
and  vortex  lines  on  a smooth  surface  are  subject  to  a topological 
law,  namely  the  number  of  nodal  points  must  exceed  the  nvmber  of 
saddle  points  by  two.  This  law  is  used  in  the  interpretation  of  the 
observed  flow  patterns  in  later  chapters. 

B.  Separation  in  Three  Dimensions.  Among  the  major  contribu- 
tors to  the  understanding  of  three-dimensional  boundary- layer  separ- 
ation are  Moore  (1956),  Eichelbrenner  and  Oudart  (1954,  1973), 
Maskell  (1955) , Lighthill  (1963) , Brown  and  Stewartson  (1969) , Wang 
(1972),  eind  Smith  (1975).  As  indicated  earlier,  a majority  of  the 
previous  work  has  centered  around  correlating  the  occurrence  of 
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separation  with  surface  streamline  patterns,  and  several  criteria 
have  been  suggested  for  the  identification  of  separation  lines. 

Among  the  early  definitions  of  these  may  be  found: 

(1)  Lines  on  which  some  component  of  the  skin  friction 
vanishes  (Wang) , 

(2)  Limiting  streamlines  joining  singular  points  (Lighthill), 

(3)  Envelope  of  limiting  streamlines  (Eichelbrenner  and 
Oudart,  Maskell,  Stewartson,  and  Wang) , 

(4)  Lines  dividing  flow  which  has  come  from  different 
regions  (Moore,  Eichelbrenner  and  Oudart,  Lighthill, 
and  Stewartson) . 

Each  of  these  is  valid  under  certain  conditions,  but  none  is  uni- 
versally valid.  More  recent  work  of  Wang  (1972) , Peake  et  al  (1972) , 
and  Smith  (1975)  suggests  that  separation  may  be  accompanied  by  one 
or  more  of  the  surface  flow  features  listed  above. 

The  pioneering  work  of  Maskell  (1955)  still  represents  a major 
milestone  in  the  area  of  three-dimensional  boundary-layer  separation. 
Maskell  identified  two  basic  types  of  separation:  bubble  type  and 

free-vortex  type  (Figure  4) . The  former,  is  also  termed  "singular 
separation"  since  the  separation  line  passes  through  or  joins  sin- 
gular points  defined  earlier.  Such  a separation  also  divides  the 
flow  which  has  come  from  different  regions  (i.e.,  upstream  and  down- 
stream) . The  flow  beyond  the  separation  line  of  the  bubble  type  is 
then  not  accessible  from  upstream.  The  free-vortex  or  ordinary 
separation  does  not  involve  singular  points  and  is  recognized  only 


by  limiting  streamlines  coalescing  and  leaving  the  surface  along 
some  line.  Here,  the  detachment  from  the  surface  is  usually  accom- 
panied by  the  formation  of  a longitudinal  vortex.  Also,  the  flow 
on  either  side  of  such  a separation  line  is  accessible  from  upstream. 
These  two  types  of  separation  are  well  illustrated  by  the  classical 
figures  in  Maskellte  paper  (reproduced  here  as  Figure  4) . 

As  suggested  by  Lighthill  (1963) , the  "bubble  (or  singular) " as 
well  as  "free  vortex  (or  ordinary) " types  of  separation  can  be  ex- 
plained on  the  laasis  of  the  volume  flow  between  adjacent  streamlines 
in  the  neighborhood  of  the  wall.  With  reference  to  the  co-ordinate 
system  shown  in  Figure  1,  the  velocity  Q along  a streamline  a small 
distance  from  the  surface  is  given  by 


If  two  of  these  limiting  streamlines  lie  a distance  'h'  apart,  then 
the  volume  rate  through  the  area  'hy'  is  given  by 


y h = G 


Since  this  volume  flow  rate,  g,  is  constant,  there  are  two  mechanisms 
by  which  the  streamlines  can  greatly  increase  their  distance  from  the 
surface,  that  is,  by  which  separation  can  take  place.  Detachment 
will  be  imminent  if  both  x and  x approach  zero  simultaneously 

X z 

(i.e.,  singular  separation),  or  if  the  streamlines  run  close  to- 
gether so  that  'h'  approaches  zero  (i.e.,  ordinary  separation).  Thus 
we  can  perceive  two  mechanisms  of  three-dimensional  separation  neeu: 


the  surface;  one  is  related  to  the  singular  points  of  the  limiting 


i 

i 

I 

I 
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streamlines  and  the  other  is  related  to  the  asymtotic  behavior  of 
the  limiting  streamlines. 

Lighthill  (1963)  also  disputed  the  envelope  concept  proposed 
earlier  by  Eichelbrenner  and  Oudart  (1954) , and  defined  a separation 
line  as  a s)cin-friction  line  which  issues  from  both  sides  of  a 
saddle  point  of  separation  and  after  embracing  the  body,  disappears 
into  a nodal  point  of  separation.  According  to  this  definition,  the 
separation  line,  being  itself  a limiting  streamline,  is  distinguished 
from  other  limiting  streamlines  in  that  it  passes  through  singular 
points.  This  suggests  that  a separation  line  is  a closed  curve 
around  the  body  and  also  implies  inaccessibility  from  upstream.  How- 
ever, this  definition  is  restricted  to  what  has  been  termed  as  bubble 
type  of  separation  and  does,  not  include  the  free  vortex  type  of  sep- 
aration. 

The  definition  of  separation  lines  as  envelopes  of  limiting 
streamlines,  proposed  at  first  by  Eichelbrenner  and  Cudart  (1954) , 
is  somewhat  loose  insofar  as  most  three-dimensional  separations 
possess  this  characteristic.  Definitions  based  on  the  vanishing  of 
some  component  of  skin  friction  along  some  direction  are  precise  only 
for  some  special  cases,  such  as  infinite  swept  cylinders  where  an 
obvious  direction  in  which  the  skin-friction  vanishes  C2ui  be  easily 
identified.  For  the  flow  past  a body  of  revolution,  however,  this 
definition  is  meaningful  only  when  the  incidence  is  zero  and  the 
flow  is  axisymmetric.  Nevertheless,  Wang  (1972)  has  suggested  an 


extension  of  this  criterion  by  proposing  that  a separation  line  may 


10 


be  identified  by  the  vanishing  of  the  circumferential  component  of 
skin  friction  (i.e.,  the  reversal  of  the  circumferential  component 
of  velocity) . 

Wang  (1972)  has  revived  Haskell's  separation  criteria  by  intro- 
ducing the  concepts  of  "open"  and  "closed"  separations  for  the  flow 
past  bodies  of  revolution  at  incidence.  An  open  separation  line  is 
defined  as  that  which  does  not  cross  the  plane  of  symmetry  on  a body  K 

of  revolution,  so  that  the  flow  on  either  side  of  the  separation  line 
is  fed  entirely  from  upstream.  Wang  (1974)  further  suggested  that 
an  open  separation  line  may  be  assumed  to  coincide  with  the  locus  of 
points  at  which  the  circumferential  component  of  skin-friction  is  ; 

zero.  A closed  separation  line,  on  the  other  hand,  is  one  that  forms 
a closed  curve  around  the  body,  passing  through  the  singular  points. 

However,  a closed  separation,  as  defined  here,  does  not  necesscurily  ^ 

I 

imply  the  existence  of  a separation  bubble  that  closes  further  down-  j 

i 

stream  of  the  body.  The  terminology  "open"  and  "closed"  is  used  , 

throughout  the  remainder  of  this  thesis. 

Peake,  Rainbird  and  Atraghji  (1972)  and  Smith  (1975)  have  re- 
cently reviewed  three-dimensional  boundary- layer  separation  and  its 
importance  in  aeronautical  applications.  Both  indicate  clearly  the  ’ 

limitations  of  the  surface-flow  diagnostics  insofar  as  they  cannot 
give  much  indication  of  the  overall  flow  patterns  that  emerge  from 
such  separations.  Indeed,  Smith  proposes  two  approaches,  "local" 
euid  "global" , to  the  study  of  the  complicated  flow  phenomena  in 


three-dimensions.  The  local  approach  is  one  in  which  an  attempt  is 
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made  to  recognize  separation  as  it  happens,  seeking  to  identify 
it  in  terms  of  the  behavior  of  the  limiting  streamlines.  The  global 
approach  is  that  in  which  the  various  elements  of  the  total  flow 
(e.g.,  boundary  layers,  vortices,  etc.)  are  brought  together  in  the 
understanding  of  the  entire  flow  field. 

C.  Flow  Past  a Body  of  Revolution.  The  boundary  layers  on  a 
body  of  revolution  at  incidence  are  characterized  by  circumferential 
as  well  as  longitudinal  pressure  gradients.  The  potential-flow 
pressure  distribution  on  the  surface  of  a prolate  spheroid  of  eixis 
ratio  4.3  at  an  angle  of  attack  of  30  degrees  is  shown  in  Figure  5. 
It  will  be  seen  that,  in  the  circumferential  direction,  the  pressure 
gradient  from  the  windward  to  the  leeward  side  is  favorcible  near 
the  nose  and  adverse  near  the  tail.  In  the  longitudinal  direction, 
the  pressure  gradient  along  the  windward  plane  of  symmetry  is  favor- 
able while  that  along  the  leeward  plane  of  symmetry  is  adverse. 

The  locus  of  minimum  pressure  points,  which  occurs  close  to  the  lee- 
ward side  over  the  front  of  the  body,  moves  gradually  to  the  wind- 
ward side  over  the  tail  region.  The  potential-flow  streamlines  on 
the  body  surface,  as  computed  by  Choi  (1977),  for  a spheroid  of  axis 
ratio  4.3  are  shown  in  Figure  6.  The  minimum-pressure  line  is  also 
shown  in  the  figure. 

The  boundary  layer  develops  under  the  influence  of  this  po- 
tential-flow pressure  distribution,  at  least  in  regions  where  there 
is  no  separation.  The  general  direction  of  the  limiting  streamlines 
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can  be  inferred  from  the  pressure  distribution  and  the  curvature 
of  the  potential-flow  streamlines  as  shown  in  Figure  6 by  the  dotted 
lines.  Beyond  the  minimxim  pressure  line,  the  circumferential  flow 
encounters  an  adverse  pressure  gradient  and  a point  is  reached  beyond 
which  it  cannot  proceed  towards  the  leeward  side.  Thus  the  limiting 
streamlines  begin  to  turn  back  towards  the  windward  side.  It  will 
be  seen  later  that  at  sufficiently  large  angles  of  attack  the  limit- 
ing streamlines  merge  into  a line  which  is  identified  as  an  open 
separation  line. 

The  characteristics  of  the  boundary  layer  along  the  intersec- 
tion of  the  plane  of  symmetry  with  the  body  surface  on  the  windward 
and  leeward  side  deserve  special  mention.  On  the  windward  side, 
the  potential  flow  streamlines  as  well  as  the  streamlines  within 
the  boundary  layer  diverge  away  from  the  plane  of  symmetry  in  either 
side  of  the  plane.  This  line  may  therefore  be  thought  of  as  a line 
of  flow  attachment.  The  boundary  layer  along  this  line  would  be 
expected  to  be  relatively  thin  due  to  the  continuous  removal  of 
low-momentum  fluid  from  it  by  the  streamline  divergence.  The 
boundary  layer  can  thus  grow  or  maintain  its  thickness  only  by  en- 
trainment of  fluid  from  the  free  stream.  The  major  features  of  the 
surface  streamline  patterns  actually  observed  on  a spheroid  at 
incidence  are  shown  in  Figure  15.  These  features  are  explored  in 


detail  in  Chapter  IV. 


CHAPTER  III 


DESCRIPTION  OF  EXPERIMENTS 
\ 

A.  Test  Facilities  and  Models.  In  the  initial  phase  of  the 
study,  it  was  proposed  to  conduct  the  experiments  in  the  small 
(36  in.  X 36  in.)  closed-circuit  wind  tunnel  of  the  Iowa  Institute 
of  Hydraulic  Research.  Several  techniques  of  flow  visualization 
were  therefore  considered,  including  the  use  of  machine  oil,  paraf- 
fin and  chalk,  smoke,  etc.  It  was  soon  concluded,  however,  that 
none  of  these  was  suitable  at  the  air  speeds  (around  60  fps)  of  in- 
terest, since  some  of  these-  work  best  at  very  low  speeds  while 
others  appear  to  be  adequate  at  much  higher  speeds.  A recently 
developed  technique,  which  uses  soap  bubbles  filled  with  an  air- 
helium  mixture,  was  also  tried  but  had  to  be  abandoned  since  it 
could  not  provide  a detailed  picture  of  the  flow  phenomena  occurring 
close  to  the  surface  in  the  rather  thin  boundary  layers.  Emphasis 
was  thus  shifted  to  the  well-tried  method  of  using  dye  in  water. 

The  main  series  of  experiments  was  therefore  conducted  in  the  30  in. 
X 30  in.  hydraulic  flume  of  the  Institute.  A few  experiments  were, 
however,  performed  later  on  in  the  wind  tunnel  using  wool  tufts  in 
order  to  investigate  some  of  the  gross  features  of  flow  that  had 
been  identified  from  the  tests  in  the  flume. 

Although  three  different  models  were  tested  at  various 


incidences,  the  majority  of  the  experiments  were  performed  on  a 
spheroid  with  an  axis  ratio  of  4.3,  primarily  because  some  previous 
experimental  and  theoretical  information  is  available  for  this  shape. 
Some  tests  were  then  performed  on  a low-drag  body  of  revolution 
proposed  by  Goodson  and  Parsons  (1972)  and  later  on  a combination 
half-sphere  and  half-spheroid  body  which  was  considered  as  a suit- 
able shape  for  more  detailed  studies  of  the  boundary  layer. 

All  models  were  made  16  inches  long  and  were  fabricated  from 
seasoned  wood.  The  models  were  painted  and  a grid  was  drawn  on  the 
surface  to  facilitate  the  interpretation  of  the  flow  patterns.  Each 
model  was  fitted  with  six  dye  ports  near  the  nose  (X/L  = 0.1,  where 
X is  the  axial  distance  from  the  nose  and  L is  the  total  axial 
length  of  the  body)  so  that  dye  could  be  ejected  close  to  the  sur- 
face. The  models  were  rrbunted  in  the  flume  or  in  the  wind  tunnel 
by  means  of  eight  support  wires , four  each  at  the  nose  and  the  tail . 
The  wires  were  provided  with  screw  couplings  so  that  their  lengths 
could  be  adjusted  and  the  model  located  in  the  desired  position. 

B.  Test  Procedures.  The  models  were  suspended  at  the  mid 
section  of  the  hydraulic  flume.  Triple-strength  blue  and  red  food- 
coloring dyes  (Neumann  Buslee  Wolf  646385)  were  used  to  visualize 
the  streamlines.  Since  the  specific  gravity  of  this  dye  was  in  the 
neighborhood  of  1.019,  while  that  of  water  at  72®F  is  0.995,  some 
alcohol  was  added  to  the  dye  in  order  to  equalize  the  specific  grav- 
ities of  the  dye  and  water. 

The  dye  was  usually  injected  under  gravity  through  the  port 


near  the  nose  of  the  model.  However,  in  some  instcinces,  additional 
features  of  the  flow  were  made  visible  by  introducing  a different 
colored  dye  at  appropriate  places  by  hand  using  a long  fine  tube. 

The  flow  features  were  recorded  photographically.  All  photo- 
graphs were  taken  through  the  glass  sidewall  of  the  flume  using  a 
ASAHI  PENTAX-H3V  (1:1.8/55)  camera.  In  order  to  picture  the  flow 
on  the  windward,  leeward  and  the  flank  side  of  the  models  at  each 
incidence,  it  was  therefore  necessary  to  realign  the  model  in  the 

flume.  A typical  set  of  photographs  taken  with  the  spheroidal  model 

\ 

at  an  incidence  of  20  degrees  is  shown  in  Figure  15.  The  Reynolds 

4 

number,  based  on  the  length  of  the  body,  is  about  8 X 10  , so  that 
the  boundary  layer  on  the  body  is  laminar  everywhere. 

In  the  flume  experiments  it  was  not  possible  to  ascertain  the 
quality  of  the  meanstream  flow  with  regard  to  the  freestream  tur- 
bulence. It  is  known,  however,  that  the  turbulence  level  is  not 
low  by  usual  wind-tunnel  and  water-tunnel  standards,  nor  is  the  flow 
accurately  uniform  and  steady.  The  influence  of  these  factors  must 
therefore  be  borne  in  mind  in  the  interpretation  of  the  experimental 
results.  Secondly,  it  is  also  recognized  that  the  experiments  were 
performed  with  a free  surface.  These  effects  are  expected  to  be 
small,  at  least  at  low  incidences,  since  the  submergence  depth  of 
the  models  was  always  much  greater  than  two  maximum  body  diameters. 

At  the  higher  incidences  it  is  possible  that  some  free-surface 
effects  may  be  present  at  the  nose  when  the  model  is  tilted  vertical- 
ly to  obtain  the  side  views. 
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The  surface  flow  patterns  in  the  wind  tunnel  were  made  visible 
by  using  wool  tufts.  It  was  of  course  not  possible  to  reproduce  the 
low  Reynolds  numbers  of  the  flume  in  the  wind  tunnel,  but  observa- 
tions could  be  made  over  a wide  range  of  Reynolds  numbers.  Indeed, 

at  the  lowest  wind-tunnel  Reynolds  number  of  2.5  x 10^,  which  is  still 

4 

high  compared  with  that  8 X 10  in  the  flume,  some  of  the  features 

of  the  laminar  flow  observed  in  the  flume  could  be  reproduced.  The 

5 

tests  at  the  high  Reynolds  numbers  (up  to  7 X 10  ) , however,  corres- 
ponded to  a turbulent  boundary  layer  over  most  of  the  model. 

The  following  table  summarizes  the  visual  study. 
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CHAPTER  IV 

OBSERVATIONS  OF  DETAILED  PLOW  PATTERNS 

As  indicated  earlier,  the  flow  patterns  on  a spheroid  were  in- 
vestigated in  much  greater  detail  than  those  on  other  shapes.  The 
results  for  the  spheroid  are  therefore  presented  first  and  discussed 
in  the  light  of  the  previous  work.  These  are  then  compared  wich 
the  observations  on  a low-drag  body  and  a hemj  sphere-hemispheroid 
combination  body. 

A.  Flow  Past  a Spheroid  at  Incidence. 

1.  Zero  Incidence  (a  = 0°) . The  boundary  layer  on  a body  of 
revolution  at  zero  incidence  is  axi symmetric.  The  boundary  layer 
develops  from  the  attachment  point  at  the  nose  and  if  separation  is 
present  it  is  well  defined.  The  separation  line  is  a circle,  concen- 
tric with  the  body  axis,  and  the  flow  features  at  separation  are 
basically  the  same  as  those  at  a two-dimensional  separation.  In  the 
terminology  of  three-dimensional  separation,  we  can  classify  this  as 
singular  or  bubble  type  of  separation  in  the  sense  of  Maskell,  or 
closed  separation  in  the  notation  of  Wang  (1972) . 

Figure  7 shows  the  surface  streamlines  on  a spheroid  at  a 

4 

Reynolds  number  of  8 X 10  . It  will  be  seen  that  separation  occurs 


at  X/L  = 0.80.  In  this  case,  the  position  of  separation  can  be 
readily  determined  from  the  solution  of  the  axisymmetric  laminar 


boundary- layer  equations  either  by  using  an  integral  (approximate) 
or  a differential  method.  The  calculations  performed  by  Chang 
and  Patel  (1975)  for  spheroids  of  various  axis  ratios  using  poten- 
tial-flow pressure  distributions  indicate  that  for  the  present  case 
(4.3:1  spheroid)  the  position  of  laminar  separation  would  be  at  X/L 
= 0.85  (see  Figure  8.).  Furthermore,  Figure  8 also  shows  that  the 
predictions  made  by  Wang  (1972)  for  a 4:1  spheroid  (see  Figure  26) 
are  at  variance  with  those  of  Chang  and  Patel  for  the  same  shape, 
the  position  of  separation  predicted  by  Wang  (1972)  being  further 
downstream  (at  X/L  = 0.89)  of  that  predicted  by  Chang  and  Patel. 

Since  the  separation  on  his  4:1  spheroid  is  expected  to  occur  earlier 
than  on  a 4.3:1  spheroid,  it  seems  that  the  computations  of  Chang 
and  Patel  (1975)  agree  better  with  results  of  the  flow  visualization 
than  the  computations  of  Wang  (1972) . Unfortunately,  at  non-zero 
incidences  the  calculations  of  Wang  (1972)  are  the  only  ones  avail- 
able at  the  present  time. 

2.  Low  Incidence  (a  = 5®) . Figure  9 shows  the  surface 
streamlines  on  the  spheroid  at  an  incidence  of  5 degrees  and 

4 

a Reynolds  number  of  8 X 10  . Three  different  views  are  shown, 
namely  the  leeward  side  (top  view) , the  flank  of  the  body  (side 
view)  and  the  windward  side  (bottom  view) . Comparison  between 
Figure  9 and  Figure  7 shows  immediately  the  complications  intro- 
duced by  this  small  incidence  relative  to  the  axisymmetric 
flow. 


Among  the  major  features  of  the  flow  are  the  following: 


) 

(a)  On  the  windward  plane  of  symmetry  (Figure  9(c))  there  ? 

is  a well  defined  point  of  flow  reversal  at  about  • 

X/L  = 0.84.  The  wall  streamlines  on  either  side  of  i 

this  plane  diverge  towards  the  leeward  side.  I 

(b)  On  the  flank  of  the  body  the  surface  streamlines  con- 
verge from  the  windward  to  the  leeward  side  (Figure 

' 9 (b) ) . This  is  to  be  expected  in  view  of  the  poten- 

tial flow  behavior  (Figure  6)  since  there  is  a pres- 
sxare  gradient  in  that  direction. 

(c)  Perhaps  the  most  interesting  feature  of  the  flow  is 
the  change  in  the  downward  direction  of  the  surface 
streamlines  around  X/L  = 0.55  (Figure  9(b)).  This 

i implies  a reversal. of  the  flow  in  the  circumferential 

i 

direction. 

(d)  On  the  leeward  plane  of  symmetry,  the  clarity  of 
Figure  9(a)  is  not  sufficient  to  identify  exactly 
what  is  happening.  This  is  peirtly  due  to  the  cir- 

I cumferential  diffusion  of  the  dye  introduced  upstream. 

I In  order  to  clarify  this,  the  body  was  turned  around 

through  180°  so  that  the  dye  ports  lay  near  the  tail 
of  the  body,  and  the  photographs  were  taken  again. 

These  views  are  shown  in  Figure  10.  From  the  top 
view,  it  is  seen  that  the  boundary  layer  on  the  lee- 
ward side  encounters  reverse  flow  at  approximately 
X/L  = 0.94.  The  lateral  diffusion  of  dye  is  also 


X 


J 


20 


seen  quite  clearly.  The  location  of  the  point  of 
flow  reversal  in  the  windward  side  is,  however, 
somewhat  different  from  that  indicated  by  Figure  9(c). 

The  sketches  in  Figure  11  attempt  to  summarize  the  basic  fea- 
tures observed  from  the  photographs.  It  is  seen  that  the  points 
of  flow  reversal  in  the  windward  and  leeward  sides  (SI  and  S2)  are 
singular  saddle  points  of  separation.  The  curved  dotted  line  join- 
ing these  two  points  shown  in  Figure  11(c)  appears  to  divide  the 
flow  coming  from  upstream  from  that  coming  from  downstream.  This 
line  is  therefore  a "closed  separation"  line  in  the  sense  of  Wang 
(1972)  or  we  have  a bubble  type  of  separation  along  this  line  in  the 
sense  of  Maskell. 

Now,  since  the  flow  from  the  two  saddle  points  SI  and  S2  di- 
verges and  appears  to  merge  into  the  closed  separation  line  joining 
SI  and  S2,  it  is  imperative  that  there  exist  a singular  nodal  point 
of  separation,  such  as  Nl,  toward  which  the  flow  converges.  Together 
with  a similar  nodal  point  on  the  other  side  of  the  body,  there  are 
now  four  nodal  points  (A,  B,  Nl,  and  N2)  and  two  saddle  points  (SI 
and  S2)  on  the  surface.  Thus,  the  topological  law  is  satisfied. 

3.  Moderate  Incidence  (a  = 10°) . The  surface  streamlines  on 
the  spheroid  at  an  angle  of  attack  of  10  degrees  are  shown  in  Fig- 
ures 12  and  13.  In  the  former,  the  reversed  flow  near  the  tail  has 
been  made  visible  by  injecting  the  red  dye  in  the  tail  region,  while 
in  Figure  13  additional  features  of  the  flow  in  the  tail  region  are 
shown  by  again  turning  the  model  around  so  that  the  surface  dye  ports 
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are  located  at  X/L  = 0.90.  From  Figure  12,  it  will  be  seen  that 
at  this  higher  incidence  the  divergence  of  the  streamlines  on  the 
windside  and  the  convergence  on  the  leeside  are  considerably 
greater  than  those  observed  at  an  incidence  of  5 degrees.  Secondly, 
it  is  observed  that  the  streamline  divergence  on  the  leeside  (Fig- 
ure 12 (a) ) over  the  middle  of  the  body  is  now  greater  and  leads  to  a 
merger  of  the  streamlines.  The  line  along  which  this  merger  occurs 
is  identified  as  an  open  separation  line  (or  a free-vortex  separation 
line) . Indeed,  Figures  12 (a)  and  (b)  show  some  evidence  of  the  ten- 
dency of  the  boundary  layer  to  roll  up  into  a longitudinal  vortex 
along  this  line.  This  particular  feature  was  clearly  observed  in 
the  actual  tests  and  later  in  a movie  that  was  taken. 

The  region  occupied  by  the  red  dye  in  Figure  12(b)  and  (c)  is 
the  reversed  flow  region  and  is  bounded  upstream  by  a closed  (bubble 
type)  separation  line.  Figure  13(a)  and  (c)  confirm  the  existence 
of  the  singular  separation  points  on  the  plane  of  symmetry  along  the 
leeward  and  the  windward  side. 

The  main  features  of  the  surface  streamlines  observed  from  sev- 
eral photographs  have  been  sketched  in  Figure  14.  Again  two  nodal 
points  (Nl,  and  N2  on  the  opposite  side  of  the  body)  have  been  added 
for  reasons  discussed  earlier.  Figure  14(a)  and  (b)  show  the  limit- 
ing streamlines  originating  from  the  front  stagnation  point  and 
merging  into  the  open  separation  line.  Although  very  little  direct 
experimental  evidence  is  available  either  from  previous  work  or  the 
present  photographs,  it  appears  that  the  nodal  points  coincides 
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with  the  intersection  of  the  lines  of  open  and  closed  separations. 
This  is  shown  in  Figxire  14(b). 

The  point  of  flow  reversal  on  the  windside  (Si)  occurs  at  ap- 
proximately X/L  = 0.89,  while  that  on  the  leeside  (S2)  occurs  at 
approximately  X/L  = 0.98.  The  locations  of  these  points  are  obvi- 
ously important  in  the  determination  of  the  overall  flow  pattern 
and  will  be  discussed  later  in  the  light  of  the  results  of  previous 
experiments  and  calculations. 

4.  High  Incidence  (a  = 20°,  30°).  The  surface  streamlines  at 
a = 20  degrees  are  shown  in  the  Figures  15  and  16,  while  those  at 
a = 30  degrees  are  presented  in  Figure  17.  It  will  be  seen  from 
Figures  15  and  16  that  the  basic  flow  features  at  a = 20  degrees 
are  quite  similar  to  those  discussed  earlier  for  a = 10  degrees. 
However,  a more  careful  examination  of  these  figures  in  conjunction 
with  similar  photographs  taken  at  other  instemces  of  time  and  the 
observation  of  the  actual  flow  in  the  flume  indicated  that  a new 
phenomena  occurs  at  incidences  of  the  order  of  20  degrees.  This  is 
the  existence  of  a secondary  open  type  of  separation  euid  reattach- 
ment. This  phenomenon  is  apparent  frcxn  Figure  17  vdiich  corresponds 
to  an  incidence  of  30  degrees  and  particularly  in  Figure  18(a)  which 
was  taken  by  injecting  a puff  of  red  dye  near  the  nose  of  the  model. 
Figvires  17(b)  and  18(a)  show  three  different  lines  running  down  the 
side  of  the  model:  the  lowest  one  corresponding  to  the  primary 

open-type  of  separation,  the  upper  corresponding  to  a secondary  open- 
type  of  separation,  and  the  middle  indicating  an  open-type  of 
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reattachment.  Figure  18(b)  attempts  to  convey  a cross-sectional 
view  of  the  flow  in  the  neighborhood  of  the  mid-body. 

Since  the  open-type  of  separation  lines  are  characterized  by 
convergence  of  surface  streamlines  into  them,  the  open- type  of 
reattachment  line  located  between  them  is  identified  by  a strong 
divergence  of  surface  streamlines  emanating  from  it.  This  and  other 
features  of  limiting  streamlines  on  a spheroid  at  high  angles  of  in- 
cidence are  illustrated  in  Figure  19.  Again  it  is  postulated  that 
the  lines  of  open  separation  terminate  at  singular  nodal  points  of 
separation  N1  and  N2  on  the  closed  separation  line,  and  correspon- 
dingly, the  open-type  of  reattachment  line  terminates  at  a singular 
saddle  point  of  separation  S3  on  the  closed  separation  line.  Thus, 
there  are  now  six  nodal  points  and  four  saddle  points  on  the  surface 
and  the  topological  law  is  satisfied. 

The  possible  vortex  pattern  associated  with  the  lines  of  open 
separation  and  reattachment  on  the  side  of  the  body  is  illustrated 
in  Figure  18(b).  This  would  indicate  that  there  must  be  strong 
entrainment  of  freestream  fluid  along  the  leeward  plane  of  symmetry. 
This  is  confirmed  by  Figure  20  which  shows  that  dye  injected  at  a 
point  some  distance  away  from  the  body  on  the  plane  of  symmetry  gets 
rapidly  entrained  toward  the  body  surface  and  becomes  a part  of  the 
two  large  vortex  motions. 

Finally,  it  would  be  seen  from  Figures  15  and  17  that  the  region 
of  reversed  flow  grows  in  extent  as  the  incidence  increases.  It 
appears  that  the  reversed  flow  penetrates  upstream  along  the  side 
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of  the  body.  There  is  a corresponding  upstream  movement  of  the 
primary  open  separation  and  hence  of  the  lines  from  which  the  pri- 
mary vortex  system  emanates. 

5.  Influence  of  Reynolds  Number  (a  = 0®,  20°,  40°).  As  men- 
tioned earlier,  the  same  spheroid  model  was  tested  in  the  wind  tunnel 
using  wool  tufts  over  a wider  range  of  Reynolds  numbers  in  order  to 
investigate  turbulent  boundary  layer  separation.  Figure  21  shows 
the  flow  patterns  at  a Reynolds  number  of  7 X 10^  at  three  different 
angles  of  attack.  It  was  observed  that  these  patterns  do  not  change 
a great  deal  with  Reynolds  numbers  in  the  range  2.5  X 10^  to  7.0  X 
10^.  The  main  features  of  the  flow  are  summarized  below; 

(a)  In  axisymmetric  flow  (Figure  21(a)),  the  flow  pattern 
is  the  same  as  in  the  flume  experiments  (see  Figure 

7 (b) ) except  the  point  of  flow  reversal  is  delayed 
to  X/L  = 0.95  which  is  considerably  downstream  of 
the  point  of  laminar  separation  shown  in  Figure  7 (b) 

(X/L  =!  0.80) . 

(b)  At  an  angle  of  attack  of  20  degrees  (Figure  21 (b) ) » 
the  wool  tufts  indicated  the  existence  of  an  open 
type  separation  on  the  side  and  closed  separation 
near  the  tail. 

(c)  As  the  incidence  is  increased  to  40  degrees,  the 
sharp  turning  of  the  wool  tufts  in  Figure  21(c)  indi- 
cates the  existence  of  an  open  separation.  The 

open  separation  line  starts  further  upstream  with 


increasing  incidence. 
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It  would  be  obvious  from  Figure  21  that  flow  visualization  using 
wool  tufts  in  a wind  tunnel  aoes  not  give  as  detailed  an  information 
on  the  surface  streamlines  as  dye  in  water.  However,  from  the  lim- 
ited results  presented  here,  it  was  concluded  that  the  Reynolds  nv6a- 
ber  (and  therefore,  whether  the  boundary  layer  is  laminar  or  turbu- 
lent) plays  a significant  role  in  the  determination  of  the  overall 
flow  patterns  on  a body  of  revolution  at  incidence,  but  the  qualita- 
tive features  of  the  open  and  closed  types  of  separation  discussed 
earlier  are  present  in  both  laminar  and  turbulent  boundary  layer 
separations . 

B.  Surface  Flow  Patterns  on  Other  Shapes. 

1.  Low- Drag  Body.  The  flow  pattern  on  the  low-drag  body  was 
found  to  be  quite  different  from  that  on  the  spheroid.  Figure  22  (a) 
and  (b)  show  the  surface  streamlines  in  axisymmetric  flow  (a  = 0°) 

4 

at  a Reynolds  number  of  8 X 10  . It  would  be  seen  that  the  laminar 
boundary  layer  on  the  body  separates  at  about  X/L  = 0.56  (i.e.,  soon 
after  the  location  of  maximum  radius  at  X/L  = 0.44)  and  this  is 
followed  by  a turbulent  reattachment  in  the  neighborhood  of  X/L  = 
0.60.  Thus,  there  is  a toroidal  separation  bubble  on  the  surface. 
Figure  22  (b) , taken  several  minutes  after  injecting  a puff  of  dye 
in  the  bubble,  indicates  that  the  bubble  is  quite  stable.  It  is  per- 
haps interesting  to  note  here  that  in  the  detailed  boundary  layer 
explorations  of  Patel,  Lee,  and  Gliven  (1977)  on  this  body  at  the 
much  higher  Reynolds  number  of  1.2  X 10  , transition  to  turbulent 
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flow  also  occurred  as  a result  of  laminar  separation  followed  by 
turbulent  reattachment  in  the  neighborhood  of  X/L  = 0.475. 

In  order  to  eliminate  the  separation  bubble  it  was  decided  to 
wrap  a trip  wire  at  the  location  of  maximum  radius.  Figure  22(c) 
shows  the  axisymmetric  flow  with  the  trip  wire.  Due  to  the  turbu- 
lent flow  behind  the  wire  it  is  now  virtually  impossible  to  identi- 
fy the  surface  streamlines. 

Figure  23  shows  the  flow  pattern  on  the  low-drag  body  at  an 
incidence  of  20  degrees.  It  is  observed  that  the  flow  over  the  front 
half  of  the  body  shows  the  same  qualitative  features  as  that  on  the 
spheroid  indicating  the  formation  of  an  open  separation  line.  The 
flow  over  the  rear  half  is  not  altogether  clear  due  to  the  turbu- 
lent boundary  layer,  but  we.  can  still  observe  the  following  features 

(a)  there  is  no  reversal  of  flow  along  the  plane  of  symmetry  on 
either  the  top  (leeward)  or  the  bottom  (windward)  side  of  the  body, 

(b)  there  is  a small  reverse  flow  region  (Figure  23(c))  immediately 
behind  the  trip  wire  (due  presumably  to  the  large  wire  diameter) , 
and  (c)  there  exists  a reversed  flow  region  on  the  side  of  the  body. 
Although  the  latter  feature  is  similar  to  that  observed  on  the 
spheroid  at  moderate  to  large  angles  of  attaclc,  the  reverse  flow 
here  does  not  appear  to  extend  all  the  way  to  the  tail. 

The  tests  on  the  low-drag  body  reported  here  were  conducted  with 
a view  to  evaluating  this  shape  as  a possible  candidate  for  the 
more  detailed  boundary-layer  measurements.  It  was  quiclcly  concluded 
that  the  closed  separation  bubble  on  the  body,  which  exists  even  in 


axisymmetric  flow,  would  not  enable  boundary- layer  measurements  to  be 
made  over  a large  portion  of  the  body.  This  body  therefore  was  dis- 
carded from  further  consideration.  Nevertheless,  it  remains  a 
practically  important  configuration  and  the  study  of  the  bubble,  its 
distortion  with  incidence  and  other  flow  features  would  be  of  con- 
siderable interest  in  its  own  right. 

2.  Combination  Body.  A careful  study  was  made  of  the  boundary- 
layer  thickness  and  other  features  required  for  detailed  velocity 
profile  measurements  in  a three-dimensional  boundary  layer.  This 
was  achieved  by  performing  some  preliminary  boundary -layer  calcula- 
tions in  axisymmetric  flow  and  along  the  plane  of  symmetry  of  sever- 
al different  shapes  and  at  several  angles  of  attack.  The  results 
indicated  that  a combination  body,  obtained  by  adding  a hemisphere 
to  a half  spheroid  of  axis  ratio  4.0,  would  be  a suitable  body  of 
revolution  for  detailed  boundary-layer  measurements.  A 16  inch  long 
model  of  such  a body  was  therefore  constructed  for  flow  visualiza- 
tion studies. 

When  tested  in  the  hydraulic  flume  at  low  Reynolds  numbers,  the 
combination  body  indicated  the  presence  of  a separation  bubble  on 
the  leeward  side,  at  the  location  of  maximum  radius,  even  at  small 
angles  of  attack.  Since  the  calculations  mentioned  earlier  (which 
were  performed  for  large  Reynolds  numbers)  did  not  indicate  such  a 
separation,  it  was  decided  to  continue  the  visual  study  on  the  com- 
bination body  in  the  wind  tunnel  so  that  the  influence  of  Reynolds 


number  could  be  examined.  The  main  results  of  these  experiments  are 
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summarized  below; 

At  low  incidence: 

(a)  At  angles  of  attack  of  about  10  degrees,  and  Reynolds 
numbers  less  than  about  2.4  X 10^,  the  wool  tufts  at- 
tached to  the  body  indicated  the  existence  of  an  open 
type  of  separation  line  on  the  side  and  a closed  sep- 
aration bubble  on  the  leeward  side  in  the  neighbor- 
hood of  the  location  of  maximum  radius  (Figure  24  (a) ) . 

The  former  feature  is  in  agreement  with  the  results 
of  the  tests  on  the  spheroid  while  the  latter  con- 
firmed the  flume  observations  on  the  combination  body. 

(b)  As  the  Reynolds  number  was  increased  (to  about  7 X 10^) 
the  separation  bubble  near  the  nose  disappeared  (see 
Figure  24 (b) ) leaving  only  the  open  type  of  separation 
on  the  side. 

(c)  Figures  24 (a)  and  (b)  also  show  that  over  the  range  of 
Reynolds  numbers  investigated  there  does  not  appear  to  be 
a closed  type  of  separation  near  the  tail  of  the  body.  At 
these  Reynolds  numbers  the  boundary  layer  is  expected  to 
be  turbulent  for  some  distance  ahead  of  the  separation. 

At  high  incidence: 

(a)  At  angles  of  attack  of  eibout  40  degrees  (Figure  25) , 
the  wool  tufts  continue  to  indicate  the  existence  of 
the  open  separation  line  on  the  side.  For  Reynolds 
numbers  less  than  about  2.5  X 10^,  however,  a closed 
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separation  bubble  (flow  reversal)  was  also  observed 
near  the  tail  (Figure  25  (a) ) in  addition  to  the  separa- 
tion bubble  near  the  maxiiniain  radius  location, 
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(b)  At  higher  Reynolds  numbers  (about  7 X 10  ) , the  separa- 
tion bubble  near  the  nose  does  not  disappear  (see 
Figure  25 (b) ) but  the  closed  separation  near  the  tail 
decreases  in  extent  and  exists  only  on  the  leeward  side 
of  the  tail  region. 

Again  it  is  seen  that  for  the  combination  body  the  Reynolds  num- 
ber as  well  as  the  angle  of  attack  influences  the  overall  flow  pat- 
tern, Since  the  closed  separation  near  the  nose  was  absent  at  high 
Reynolds  numbers  and  moderate  angles  of  attack,  it  was  concluded 
that  the  combination  body  was  suiteble  for  the  detailed  boundary 
layer  explorations. 


CHAPTER  V 
DISCUSSION 

Thus  far,  the  discussion  of  the  flow  visualization  study  has 
centered  around  the  identification  of  the  qualitative  features  of 
the  surface  streamlines  on  bodies  of  revolution  at  incidence  and 
the  separation  patterns  associated  with  them.  The  basic  ideas 
available  in  the  literature  concerning  three-dimensional  separation 
appear  to  have  been  verified.  Specifically,  it  has  been  seen  that 
the  two  basic  types  of  separation  identified  by  Maskell  (1955) , and 
Wang  (1972) , are  present  on.  a body  of  revolution  over  a range  of  in- 
cidences. The  present  study  has  also  illustrated  the  possible 
streamline  configurations  in  somewhat  greater  detail  than  heretofore, 
particularly  with  respect  to  the  location  of  the  singular  points 
of  the  surface  streamlines  and  the  origin  of  the  open  types  of  sep- 
aration and  reattachment. 

Since,  as  stated  earlier,  a long-term  objective  of  the  present 
study  was  to  identify  a body  shape  on  which  detailed  three-dimension- 
al (turbulent)  boundary-layer  measurements  could  be  made  and  compared 
with  some  of  the  emerging  calculation  procedures,  it  is  natural  to 
enquire  whether  there  is  any  theoretical  evidence  which  could  be 
compared  with  the  various  obi “rvations  made  here  in  laminar  flow. 


Although  there  is  intensive  on -going  research  effort  in  the  area  of 
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high-speed  high-angle-of-attack  aerodynamics  in  connection  with 
missiles  and  aircraft,  it  is  observed  that  there  are,  relatively,  only 
a few  successful  computations  of  three-dimensional  boundary  layers  on 
bodies  of  revolution  at  angles  of  attack  - whether  the  boundary  lay- 
er is  laminar  or  turbulent.  In  some  instances,  the  geometries  that 
have  been  considered  are  quite  simple  (e.g.  , cones) . The  flow  past 
a spheroid  has  been  studied  theoretically  by  Wang  in  a series  of  re- 
cent papers  (Wang,  1970,  1971,  1972,  1974,  1975,  and  1976).  His 
computations  were  made  at  Reynolds  numbers  low  enough  for  the  boun- 
dary layer  to  be  laminar  everywhere.  Some  measurements  are  also 
available  for  the  spheroid  in  the  experiments  of  Wilson  (1971). 

Figure  26  shows  the  location  of  the  points  of  flow  reversal 
(SI  and  S2)  on  the  windward  and  the  leeward  sides  of  the  plane  of 
symmetry  deduced  from  the  photographs  taken  during  the  course  of  the 
present  study.  These  are  compared  with  the  observations  of  Wilson 
(1971)  who  used  smoke  to  visualize  the  flow  and  made  some  boundary 
layer  measurements  on  the  leeward  side  of  the  plane  of  symmetry  of 
a 4:1  spheroid.  Also  shown  are  the  results  of  the  plane  of  symmetry 
calculations  of  Wang  (1972)  for  a 4:1  spheroid.  It  should  be  men- 
tioned that  the  equations  of  the  three-dimensional  boundary  layer 
can  be  simplified  considerably  for  the  flow  in  a plane  of  symmetry 
(see,  for  example,  Nash  and  Patel,  1972)  and  can  be  solved  indepen- 
dently of  the  flow  elsewhere  on  the  body.  Wang  (1972)  used  an  ex- 
plicit finte-difference  method  to  obtain  his  solutions. 

It  will  be  seen  from  Figure  26(a)  that  the  variation  with 
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incidence  of  the  observed  point  of  singular  separation  on  the  wind- 
ward plane  of  symmetry  is  in  good  agreement  with  the  predictions  of 
Wang  (1972).  There  is,  however,  a consistent  and  large  discrepcincy 
in  the  precise  location  which  is  not  explained  by  the  fact  that  the 
axis  ratios  of  the  spheroids  used  in  the  experiments  and  calculations 
are  somewhat  different.  Some  of  the  discrepancy  could  be  due  to  the 
use  of  the  potential-flow  pressure  distribution  instead  of  the  actual 
pressure  distribution  in  the  boundary  layer  computations  of  Wang 
(1972) . Figure  26  shows  that  in  axisymmetric  flow  the  present  obser- 
vations are  in  good  agreement  with  the  experiments  of  Wilson  and 
in  moderate  agreement  with  the  computation  made  by  Chang  and  Patel 
using  two  different  methods. 

The  location  of  the  singular  point  of  separation  on  the  leeward 
side  of  the  plane  of  symmetry  is  shown  in  Figure  26  (b) . From  this 
it  is  observed  that  the  present  observations  are  at  variance  with 
those  of  Wilson  and  with  the  calculations  of  Wang  (1972) . In  addi- 
tion to  the  suspect  accuracy  of  Wang's  computations,  however,  the 
influence  of  the  flow  separation  on  the  pressure  distribution  on  the 
leedward  side  would  invalidate  the  use  of  the  potential-flow  pres- 
sure distribution  in  the  computations.  The  disagreement  between 
the  observations  and  the  calculated  results  is  therefore  not  alto- 
gether surprising.  It  should  also  be  pointed  out  that  the  present 
results  indicate  a downstream  movement  of  the  singular  separation 
with  increasing  incidences  up  to  an  incidence  of  about  10  to  15 
degrees.  The  trend  is  then  reversed  for  higher  incidences  indicating 
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an  upstream  movement  of  the  separation  point.  The  predictions 
of  Wang  do  not  follow  this  trend.  It  appears  that  this  reversal  in 
trend  may  be  associated  with  the  onset  of  the  secondary  open-type 
of  separation,  and  the  corresponding  reattachment,  since  this  phe- 
nomenon was  observed  to  take  place  between  a = 10  degrees  and  a = 20 
degrees.  The  calculations  based  on  the  potential-flow  pressure  dis- 
tribution cannot  of  course  predict  this. 

In  a set  of  later  publications,  Wang  (1974,  1975)  has  reported 
the  results  of  his  calculations  of  the  boundary  layer  on  the  com- 
plete spheroid  (i.e.,  in  the  region  between  the  upper  and  lower  lines 
of  symmetry) , Figure  27  shows  a comparison  between  his  calculation 
for  a 4:1  spheroid  at  a = 6 degrees  and  the  present  observations  on 
the  4.3:1  spheroid  at  a = 5. degrees.  The  spheroid  surface  is  repre- 
sented in  rectangular  coordinates  consisting  of  the  axial  distance 
X/L  and  the  circumferential  angle  6.  At  these  low  incidences,  there 
is  a remarkable  qualitative  agreement  between  the  two  sets  of  results, 
in  particular  with  respect  to  the  shape  of  the  closed  separation  line. 

A similar  comparison  is  made  in  Figure  28  for  the  higher  in- 
cidence of  30  degrees.  Now  it  is  observed  that  there  is  good  quali- 
tative agreement  between  the  predicted  open  separation  line  and  the 
observed  primary  open  separation  line.  The  position  of  this  line 
relative  to  the  locus  of  minimum  potential-flow  pressure  coefficient 
is  different  in  the  two  cases  and  may  be  attributed  to  a strong 
interaction  between  the  separated  flow  and  the  external  inviscid 
flow.  The  calculations  of  Wang  (1974,  1975)  did  not  of  course 
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predict  either  the  secondary  open  separation  or  the  closed  separa- 
tion line.  The  basic  problems  involved  in  performing  such  boundary- 
layer  calculations  are  immense  and  their  discussion  is  beyond  the 
scope  of  the  present  investigation. 
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CHAPTER  VI 

! 

i CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  present  investi- 
gation: 

(1)  The  boundary  layer  flow  past  a body  of  revolution  at  in- 
cidence is  quite  complex.  Although  the  topology  of  the 

i 

surface  streamlines,  or  skin-friction  lines,  does  not  give 
a great  deal  of  information  concerning  the  overall  flow 
pattern  and  its  aerodynamic  or  hydrodynamic  consequences, 
it  enables  the  identification  of  two  basic  types  of 
three-dimensional  flow  separations:  a closed  or  bubble 

type  of  separation,  and  an  open  or  free-vortex  type  of 
separation.  Thus,  the  proposals  of  Maskell  (1955)  and 
Wang  (1972)  are  verified  by  the  present  experiments. 

(2)  The  closed  type  of  separation  line  is  one  which  con- 
tains singular  points  of  the  limiting  streamlines  and 
the  flow  downstream  of  it  is  inaccessible  from  upstream. 
Closed  separation  occurs  at  all  angles  of  attack  on  a 
spheroid  at  least  at  Reynolds  numbers  where  the  boun- 
dary layer  is  laminar. 

i 

(3)  An  open  type  of  separation  line  does  not  contain  any 

I 

singular  points.  The  flow  on  either  side  of  such  a 
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separation  line  is  accessible  from  upstream.  Such 
separation  occurs  at  high  incidences  on  a spheroid 
and  leads  to  the  shedding  of  longitudinal  vortices  and  , 
the  formation  of  a large  vortical  wake. 

(4)  Although  the  precise  locations  of  the  lines  of  sepeira- 
tion  depend  on  the  body  shape  and  Reynolds  number 
(i.e.,  whether  the  boundary  layer  is  laminar  or  tur- 
bulent) , the  basic  features  of  the  flow  in  the  neigh- 
borhood of  such  separations,  when  they  occur,  appear 
to  be  independent  of  Reynolds  number. 

(5)  The  present  study  seems'  to  indicate  that  at  a given  inci 
dence  the  lines  of  open  separation  terminate  at  nodal 
points  of  separation  on  the  line  of  closed  separation. 

(6)  Limited  tests  indicate  that  the  combination  body  is 
suitable  for  further  experimental  work.  The  line  of 
transition  to  turbulent  flow  is  expected  to  be  earlier 
than  on  other  shapes,  and  therefore  sufficiently  thick 
turbulent  boundeiry  layers  will  be  available  for  de- 
tailed boundary-layer  measurements.  At  sufficiently 
high  Reynolds  numbers,  the  closed  separation  bubble 

on  the  tail  of  this  body  is  expected  to  be  small  or 
nonexistent. 

(7)  Some  comparisons  have  been  made  between  the  results 
of  the  flow-visualization  experiments  and  the  few 
available  theoretical  calculations.  These  appear 
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to  be  in  qualitative  agreement.  Possible  reasons 
for  the  quantitative  discrepancies  have  been  discussed. 

(8)  This  study  has  helped  to  identify  the  basic  features 
of  three-dimensional  boundary-layer  separations  on 
a body  of  revolution  at  incidence.  This  would  assist 
in  making  meaningful  measurements  and  computations  in 
the  detailed  study  that  is  planned. 
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Locations  of  Axisynmetric  Separation  on  Spheroid 
(Chang  and  Patel,  1975) 


(a)  Top  View  (Leeward) 


(b)  Side  View 


(c)  Bottom  View  (windward) 


Figure  9.  Flow  Past  a Spheroid  at  5 
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Figure  10.  Flow  Past  a Spheroid  at  5 


(a)  Top  View 


(b)  Side  View 


(c)  Bottom  View 


Figure  12.  Flow  Past  a Spheroid  at  10”  Incidence 


(a)  Top  View 


(b)  Side  View 


(c)  Bottom  View 


Flow  Past  a Spheroid  at  10 
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(b)  Side  view 


Closed  separation 


Limiting  streamlines 


(c)  Bottom  View 


Figure  14.  Surface  Flow  Patterns  at  Moderate  Incidence  (a  = 10°) 


(a)  Top  View 


(b)  Side  View 


(c)  Bottom  View 


Figure  15.  Flow  Past  a Spheroid  at  20 


(b)  Side  View 


(c)  Bottom  View 


Figure  16.  Flow  Past  a Spheroid  at  20 


(a)  Top  View 


(c)  Bottom  View 


Figure  17.  Flow  Past  a Spheroid  at  30 


Secondary  open 
separation 


Primary  open 
separation 


(b)  Cross-Sectional  View  of  Above 


Figure  18.  Illustrations  of  Primary  and  Secondary  Separations 
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(a)  Top  View 


Primary  open-separation 


(c)  Bottom  View 


Figure  19.  Surface  Flow  Patterns  at  High  Incidence  (a  - 30°) 
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20.  Flow  Entrainment  on 
Symmetry  {a  40°) 


(a)  Axisyiranetric  Flow 


Figure  21.  Flow  Past  a Spheroid  at  R 


(a)  Axisymmetric  Flow  without  Trip  Wire 


(b)  Closed  Separation  Bubble 


(c)  Axisymmetric  Flow  with  Trip  Wire 


Figure  22.  Flow  Past  a Low-Drag  Body  at  Zero  Incidence 


(a)  Top  View 


(b)  Side  View 


(c)  Bottom  View 


Figure  23.  Flow  Past  a Low-Drag  Body  at  20 
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(a)  Flow  Pattern  at  Re  = 2.5  X 10 


(b)  Flow  Pattern  at  Rg  = 7.0  X 10 


Figure  25.  Flow  Past  a Combination  Body  at  40 


(a)  Windward  Side 

Figure  26.  Locations  of  Separation  Point  on  the  Plane 
of  Symmetry  of  a Spheroid 
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(a)  Calculated  Separation  Lines  at  6*  Incidence 
(Wang,  1975) 
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(b)  Separation  Lines  frcm  the  Flow  Visualization  at  5**  Incidence 

Figure  27.  Comparison  between  Calculations  and  Experiments  at 
Low  Incidence 
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(a)  Calculated  Separation  Lines  at  30®  Incidence 
(Wang,  1974) 
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(b)  Separation  Lines  from  the  Flow  Visualization  at  30®  Incidence 

Figure  28.  Comparison  between  Calculations  and  Experiments 
at  High  Incidence 


